Abstract. We present a detailed spatial and dynamical analysis of the central ∼ 2.2 h75 −1 Mpc region of the galaxy cluster Abell 521 (z=0.247), based on 238 spectra (of which 191 new measurements) obtained at the 3.6 m Telescope of the European Southern Observatory and at the Canada-France-Hawaii Telescope. From the analysis of the 125 galaxies that are confirmed members of the cluster, we derive a location ("mean" velocity) of CBI = 74019
Introduction
In the hierarchical model of structure formation, galaxy clusters are supposed to form by merging of units of smaller mass. Analysis of statistical samples of galaxy clusters have shown that a high percentage of clusters with substructures is detected even at low redshift, implying that clusters are still today undergoing the process of formation , Dressler & Shectman 1988 , Jones & Forman 1992 . Moreover, quantifying pre-cisely the amount of morphologically complex clusters allows one in principle to constrain directly the cosmological model through the density parameter Ω m (Richstone et al. 1992 , Mohr et al. 1995 . This analysis is however hampered by the existing uncertainty in the rate at which substructure is erased (Kauffmann & White 1993 , Lacey & Cole 1993 . The second difficulty is that sub-clustering can affect the various quantities observable, such as the projected distribution of the galaxies and of the gas, the velocity distribution of the galaxies and the temperature structure of the gas, not necessarily at the same level, leading to sometimes different conclusions.
Detailed studies of individual complex galaxy clusters at different wavelengths is a complementary analysis which allows one to obtain details of the scenario of formation of these objects, and the physical processes necessary to explain the observed distribution (Flores et al. 2000 , Donnelly et al. 2001 , Mohr et al. 1996 , Bardelli et al. 1998 , Rose et al. 2002 , Berrington et al. 2002 , Czoske et al. 2002 , Valtchanov et al. 2002 . In this paper, we will concentrate on the dynamical analysis of the merging cluster Abell 521 which has been targeted for its outstanding properties.
Abell 521 is a rich (R=1) Abell cluster, first detected in X-ray with HEAO1 (Johnson et al. 1983 , Kowalski et al. 1984 . It was also suspected to form a binary cluster together with its nearest neighbor on the sky, A518, but no clear evidence for gas interaction was found between the two clusters. Radio observations in the region of this cluster (Hanisch et al. 1985) have also shown a high fraction of radio sources with projected distances to the center compatible with these objects being cluster members. More recent data, both in X-ray and optical provided a more detailed analysis of the properties of the galaxies and gas distributions in this cluster. Imaging in X-ray (ROSAT/HRI) has shown a gas morphology with two peaks which can respectively be associated with a diffuse main cluster, and a compact less massive group in the northern region, suspected to be in pre-merger stage with the main cluster. The projected galaxy density distribution in the central 2.2 h 75 −1 Mpc has a very anisotropic morphology, as it exhibits two high density filaments crossing in an X-shape structure at the barycentre of the cluster. A severe gas/galaxy segregation stands out. The brightest cluster galaxy is offset of the cluster barycentre, and lies in the region of the X-ray northern group. Multi-object spectroscopy at ESO/EFOSC2 and CFHT/MOS led to the determination of the mean redshift of the cluster, z=0.247, and of its velocity dispersion S BI = 1386 km/s as measured from 41 members. However, this very high value of the velocity dispersion could be affected by the presence of substructures. Its value is also high compared to the temperature of the X-ray gas measured with ASCA (T=6.3 KeV, Arnaud et al. 2000) . These results imply that this cluster is undergoing strong dynamical evolution. This motivated new observations in order to better characterize the merging scenario, in particular through additional multi-object spectroscopy. A project of wide-field multicolor imaging in five bands is under progress, and will address the large scale environment of the cluster using photometric redshifts (Ferrari et al. in prep.) . In this paper, we analyze in detail the velocity distribution within the central 2.2 h 75 −1 Mpc of the cluster with new data obtained at the ESO 3.6 m telescope (191 new redshifts measured). Section 2 briefly describes the observations and the data processing techniques, as well as the level of completeness achieved. In Sect. 3, we perform a general analysis of the 1D velocity distribution, test for departures from an unimodal gaussian, and fit a partition in three velocity groups. In Sect. 4, correlations between the structures identified in velocity space and in projected coordinates have been looked for. Variations of dynamical properties with absolute luminosity, color, and spectral type have been addressed in Sect. 5. In Sect. 6, our new data are used to elaborate the more plausible scenario of occurrence of the various merging events within this particularly complex cluster. All numbers are expressed as a function of h 75 , the Hubble constant in units of 75 km/s/Mpc. We have used the ΛCDM model with Ω m = 0.3 and Ω Λ = 0.7, then 1 arcmin corresponds to ∼0.217 h 75 −1 Mpc in the following.
The data

Observations and data reduction
New data have been obtained through a campaign of multi-object spectroscopy at the ESO 3.6 m telescope (3 nights in October 1999, and 2.5 nights in December 2000). We used the ESO Faint Object Spectrograph and Camera (EFOSC2) with grism#04, whose grating of 360 line mm −1 leads to a dispersion of 1.68Å/pixel, and a wavelength coverage ranging from 4085 to 7520Å. The detector used was the EFOSC2 CCD Loral/Lesser#40, with an image size of 2048 × 2048 (we made a 2 × 2 binning, in order to improve the signal to noise ratio), and a pixel size of 15 × 15 µm.
During the run of October 1999 we achieved a spectral resolution of FWHM∼18.5Å, while in the second run, as a smaller punching head was available (1.35 ′′ instead of 1.8 ′′ ), the resolution was improved to FWHM∼12.5Å. The total integrated exposure time was 9000 s for each frame, split in at least two exposures to eliminate cosmic rays. After each science exposure, a Helium-Argon lamp exposure was systematically taken for wavelength calibration.
Data have been reduced with IRAF 1 , using our automated package for multi-object spectroscopy based on the task "apall". Radial velocities were determined using the cross-correlation technique (Tonry & Davis, 1981) implemented in the RVSAO package (developed at the Smithsonian Astrophysical Observatory) with radial velocities standards obtained from the observations of latetype stars. We have obtained 191 new spectra. Among these, 29 are stars, while 109 are identified as galaxy spectra with a signal to noise ratio sufficient to obtain radial velocity measurement with a parameter R of Tonry & Davis greater than 3. The remaining 53 objects have a poor velocity determination.
We list in Table 10 our new velocity measurements. The columns read as follows: Col. 1: identification number of each target galaxy; Col. 2: run of observations (October 1999=ESO1, December 2000=ESO2); Cols. 3 and 4: right ascension and declination (J2000.0) of the target galaxy; Cols. 5 and 6: best estimate of the radial velocity and associated error from the cross-correlation technique (those values have been set to "-2" if the object is a star and to "-1" if we have no redshift information); Col. 7: a quality 1 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation Fig. 1 . Central field (20'×10') of the cluster. In black, galaxy iso-density contours for B<27 and I< 20; the lowest iso-density contour corresponds to 1σ level above the mean density in the field, the contours are spaced by 0.5σ. Black circles correspond to the 125 galaxies of the cluster with spectral quality flag=1. The subgroups identified in the projected density map and the two main directions of the cluster (S1 and S2) have been shown. flag for the redshift determination: 1=good determination (R ≥ 3), 2=uncertain determination, 3=very poor determination, 4=failed spectra, Col. 8: a listing of detected emission lines.
The spectroscopic sample
In the following analysis, the new set of spectroscopic data presented above has been combined to our original sample (Maurogordato et al. 2000, 47 objects added to our new catalogue) resulting in a sample of 209 galaxies and 29 stars.
B-and I-band imaging (CFH12k) taken as part of our multicolor imaging program were used to build a color catalogue in the central region of the cluster surveyed by spectroscopy. This allowed to associate B-and I-band magnitudes for most galaxies of the spectroscopic sample (187), except for 22 objects located in the gaps between the chips of the camera or strongly blended. Fig. 1 displays the central field of the cluster, where galaxies with secure redshift determination have been circled. The isodensity map of the projected distribution of galaxies with I-band magnitude I<20 is also displayed (derived using the Dressler algorithm; Dressler 1980) . The preferential directions S1 and S2 observed in Arnaud et al. 2000 are indicated. The density structures detected at more than 5σ level are also indicated: six groups called g1 to g6, a group around the BCG, and the so-called "ridge" structure corresponding to S1.
In Fig. 2 we have plotted the I-band magnitude distributions of: the galaxies of our magnitude/velocity sample (187), those with a very good redshift determination (141), and, among them, those belonging to the cluster (113). In Fig. 3 we show the ratio of the number of objects with measured velocities to the total number of galaxies detected within the central 10×10 arcmin 2 of the field as a function of the I-band magnitude. We reach a general level of completeness for spectroscopy of 50% at I AB = 19.5, which drops at 30% at I AB = 20.5. However, these values are strongly affected by several incomplete fields at the periphery of the cluster, as the central dense regions of the cluster have been much better sampled. In fact, we have divided the spectroscopic field in 2.5×2.5 arcmin 2 cells (Fig. 4) , and measured the degree of completeness in each cell for three different cuts in I magnitude (I AB = 19, 20, 21) . The obtained values are shown in each cell of the corresponding isodensity maps. At I AB = 19, we have an excellent velocity sampling (∼75÷80% completeness) in the North-West/South-East main structure of the cluster, which drops at ∼60% at I AB = 20, and at ∼40% at I AB = 21. Fig. 2 . I-band magnitude distributions of the galaxies of our spectroscopic sample (187 objects -solid line), of all the galaxies with good velocity determination (141 -dot), and, among them, of those belonging to A521 (113 -dash). 
The velocity distribution
Global analysis of the velocity distribution
We have analyzed the general behavior of the velocity distribution with the ROSTAT package (Beers et al. 1990) . For this purpose, and in all the following analysis, we have used only the 125 objects with quality flag=1 (secure red- Fig. 4 . Completeness factor is superimposed to the isodensity maps in the field selected for spectroscopy (10'×10'). Each cell of the grid covers 2.5'×2.5'. Different magnitude cuts have been considered; from top to bottom: I<19, I<20, I<21. shift) in our dataset; their velocity histogram is shown in Fig. 5 .
In the case of large number of redshifts (100≤n≤200) as in our situation, the best choice to estimate location ("mean" velocity) and scale (velocity "dispersion") is the biweight estimator (Beers et al. 1990) , as it provides the best combination of resistance and efficiency across the possible contaminations of a simple gaussian distribution. We find a location C BI = 74019 +112 −125 km/s and a scale S BI = 1325 +145 −100 km/s. These results are in good agreement with those obtained from the analysis of our former sample of 41 galaxies , and confirm the apparently high value of the velocity dispersion in this cluster.
We have also analyzed the higher moments of the distribution, in order to look for possible deviations from gaussianity that could provide important signature of dynamical processes. For all the following tests the null hypothesis is that the velocity distribution is a single Gaussian. The traditionally used shape estimators are kurtosis and skewness; in addition, we have computed the asymmetry and tail indices (AI and TI), which also measure the shape of a distribution, but are based on the order statistics of the dataset instead of its moments (Bird & Beers, 1993) . By definition, skewness, kurtosis and AI are equal to 0 for a gaussian dish, while TI to 1. In Table 1 we present the results; significance levels have been estimated from Table 2 in Bird & Beers 1993 . While the values obtained for skewness and AI cannot allow to reject the Gaussian hypothesis (significance level > 10%), both kurtosis and TI indicate departure from a Gaussian Fig. 5 , but now the best fit Gaussians found by KMM for a three group partition is superimposed and we have used a binning of 500 km/s. distribution at better than 10% significance level (Beers et al. 1991) . This indicates that the dataset has more weight in the tails than a Gaussian of the same dispersion.
As departure from normality and high values of velocity dispersion can result from a mixing of several velocity distributions of smaller velocity dispersion with different locations, we have investigated various tests for the existence of substructure in the cluster velocity distribution.
We have therefore addressed the presence of gaps which can be a signature of sub-clustering (Beers et al. 1991) . Five significant gaps in the ordered velocity dataset were detected. Fig. 6 shows the stripe density plots of radial velocities of the 125 cluster galaxies and we have indicated the gap positions with an arrow, while in Table 2 one can find the velocity of the object preceding the gap, the normalized size (i.e., the "importance") of the gap itself, and the probability of finding a normalized gap of this size and with the same position in a normal distribution. Two very significant gaps are detected respectively at ∼ 76740 km/s (probability lower than 1.4%) and ∼ 72150 km/s (probability lower than 0.2%).
In addition, 9 of the 13 one-dimensional statistical tests of gaussianity performed by ROSTAT exclude the hypothesis of a single Gaussian distribution at better than 10% significance level (see Table 3 ). Among them, the Dip test is particularly indicative (Hartigan & Hartigan 1985) . This tool tests the hypothesis that a sample is drawn from a unimodal, not necessarily Gaussian parent population. In the present case it rejects the unimodal hypothesis at a significance level better than 5%, confirming our previous results.
Partitioning the distribution in velocity space
In order to separate possible velocity groups within our velocity dataset we have used the KMM mixture modeling algorithm of McLachlan & Basford (1988) . This method has been shown to be very useful for detecting bimodality in astronomical datasets (Ashman and Bird 1994) , and can even be applied to detect multimodality. One of the major uncertainties however is the best choice of the number of groups for the partition. Given the appearance of the velocity histogram and of the strip density plot, and the presence of two highly significant gaps, we have chosen as a first guess to fit three velocity groups around the mean velocities 70000, 74000 and 78500 km/s. The KMM algorithm then fits a 3-group partition from this guess and optimizes the mean velocity for each group. However, in the case of a multimodal partition, the significance level is not determined accurately by the algorithm. The estimated Pvalue of 3 % suggests a strong rejection of the null hypothesis (unimodal gaussian distribution) but has to be taken only as a guideline. The low-velocity group A is best fitted by a Gaussian with parameters: C BI = 71127 We present in Fig. 8 the projected positions of the galaxies assigned to the three partitions. The position of the main overdensities emerged in the projected density maps are also displayed for an easier reading. Galaxies in KMM-B are following the cross-like general pattern of the cluster. Half of the galaxies in KMM-A are located in the central ridge. Galaxies belonging to KMM-C are all located in the South-East region of the cluster. We have also tried partitions with a higher number of groups (respectively 4 and 5) which also show strong rejection of the unimodal hypothesis. However, as suggested by Ashman and Bird 1994, we have followed the Occam's razor and selected the partition with the smaller number of groups (tri-partition).
4. Combined analysis of sub-clustering in velocity/2D space
Tomography of Abell 521
As indicated by the moments analysis, the tails of the velocity distribution appear to be widely populated, suggesting the presence of interlopers. Moreover, the analysis of the number density maps of the cluster and Fig. 1 of the present paper) shows a complex structure, with six groups in projected coordinates (g1 to g6) along the main SW/NE direction of the cluster, a group around the BCG and a high density ridge in the direction perpendicular to the main axis of the cluster.
In Fig. 9 , the values of the radial velocities (bottom), the mean radial velocities (middle), and the velocity dispersions (top) are plotted as a function of an angular radius; velocity location and scale have been computed in concentric shells with a fixed number of objects (20), in order to have comparable statistics. Different colors in the velocity vs. radius plots have been used to visualize the different groups identified on the isodensity map.
For the left panels, the center is taken at the position of the main X-ray cluster , which roughly coincides with the barycentre of the galaxy distribution. For the plots of the central column the origin is centered on the BCG position, while in the the right panels we used the projected coordinate along the cluster main axis S2 (North-West/South-East). Negative values correspond to the South-East extremity of the cluster, zero to the center, and positive values to the North-West extent.
In Fig. 10 , galaxies have been circled with different colors corresponding to different velocity bins. Fig. 9 and Fig. 10 can then be analyzed together to understand the variation of the velocity distribution in the field. The galaxies belonging to the region of the "ridge" S1, centered on the barycentre position and extending perpendicularly to the main axis S2, are color-encoded as blue open squares in Fig. 9 . For this particular region, we obtain systematically a lower mean velocity and a higher dispersion than for the whole cluster. This is particularly apparent in Fig. 9 top and medium, right panels. This region consists of several clumps in projected density map, but galaxies in the whole velocity range [70000-78000] km/s populate the various clumps. However, it is the large number of low velocity objects that lowers the value of location in this region as compared to that obtained for the whole cluster.
At ∼ 1.5 arcmin from the barycentre of the cluster, in the North-East direction, we find a compact region of galaxies at similar velocities corresponding to the BCG region (galaxies color-encoded as red squares in the bottom panels of Fig. 9 ), which shows a significantly lower velocity dispersion and a slightly higher value of the mean velocity (top and medium panels of Fig. 9) .
A high velocity group of four galaxies (∼ 78500 km/s) is detected at large radius (∼ 4 arcmin) from the barycentre of the cluster (bottom panel of Fig. 9) , with a gap in velocity of more than 1500 km/s as compared to others galaxies at the same radius. Thus, these objects are likely to be unbound to the cluster; they are located in the South-East extremity of the cluster (bottom, right panel of Fig. 9 ), and three of them in the region defined as g2 (green open squares in Fig. 9 ). This latter is the result of the superimposition along the line of sight of these three high velocity galaxies and a concentration of objects in the velocity range ([72000-74000] km/s).
Several other clumps have a more homogeneous velocity composition: g1 (cyan open squares in Fig. 9 ), g3 (purple open squares in Fig. 9 , and g4 ( yellow open squares in Fig. 9) ; g1 is mainly populated with galaxies in the [74000-76000] km/s velocity range, while the greatest part of objects in g3 have velocity in the [74000-75000] km/s Fig. 9 . Left (from bottom to top): radial velocities of the 125 galaxies of our spectroscopic catalogue, and velocity location and scale of concentric shells with a fixed number of objects (20), centered on the optical barycentre of the cluster. Center: as before, but the new origin of the x-axis is the BCG position. Right: as before, but X proj is the projected coordinate along the main axis of the cluster (NW/SE) and the center position is again on the optical barycentre of the cluster. Continuous lines represent the whole sample velocity scale (top) and location (mean and bottom). Fig. 9 , g3 has a mean velocity and velocity dispersion quite close to the value of the BCG group. The North-East g4 clump also shows a mean velocity location comparable to the BCG region, and a very small value of velocity dispersion.
Unfortunately, the number of measured radial velocities within the previous mentioned substructures is not always large enough to obtain meaningful dynamical information for each of them; we have thus divided the cluster into three regions with a number of objects sufficient to derive stable estimators of location and scale and to get enough statistics in velocity histograms without degrading too much the binning. These regions have been defined as three slices perpendicular to the main direction of the cluster (see Fig. 10 ). This choice has been motivated by the Fig. 10 . In black, galaxy iso-density contours for B<27 and I<20; the lowest iso-density contour corresponds to 1σ level above the mean density in the field, the contours are spaced by 0.5σ. The division in 3 slices has been shown. Circles correspond to the galaxies in our high quality velocity dataset; different colors correspond to different ranges in radial velocity: blue: v r = 69000÷72000 -green: v r = 72000÷73000 -cyan: v r = 73000÷74000 -yellow: v r = 74000÷75000 -red: v r = 75000÷76000 purple: v r = 76000÷80000 following reasons: first of all we wish to test separately the velocity distribution within the high density ridge S1 perpendicular to the direction of the main cluster S2, which was shown in previous analysis to be of specific interest. We therefore design the central slice (2) to include it. We also want to investigate the possible differences in velocity distribution between the North-West and South-East regions suggested in Fig. 9 . The southern slice (1) includes the groups g1, g2 and g3; the northern slices (3) includes both the BCG region as well as the northern extensions embedding g4, g5 and g6 subgroups. In Fig. 11 the velocity distributions for each slice are shown; the corresponding values for velocity location and scale have been reported in Table 4 .
In the southern region (slice 1), the mean velocity of the main structure, obtained when excluding the four high velocity galaxies, is C BI = 73886 there is probably a mix of two kinematically distinct populations in addition to the high velocity group, and reflects the previous mentioned difference in velocity distribution within the clumps g1 and g3 with respect to g2.
In slice 2, corresponding to the ridge region, the velocity distribution shows a very dispersed boxy shape, with a velocity dispersion reaching the very large value of 1780 The shape of the distribution is symmetrical, although few galaxies are still present in the low velocity tail. We have addressed the dynamics of the region immediately surrounding the BCG; this galaxy has a complex structure, with a series of bright knots embedded in a lower density arclike structure at 24 h 75 −1 kpc of its center (Maurogordato et al. 1996 . We have measured the redshifts of the four bright knots in the arclike structure (see Table 5 ), showing that these objects belong to the cluster and are not gravitationally lensed background objects. The central location in a ∼ 240 h 75 −1 kpc region around the BCG (ten objects with measured velocities including the BCG and its multiple nuclei) is C BI = 74340 +40 −102 km/s. This values is very close to the BCG radial velocity (74357±44 km/s); the velocity scale is very low, 256 +82 −133 km/s, and of the same order as the BCG internal velocity dispersion, 368±463 km/s ) strongly suggesting it is bound to the BCG.
When comparing the velocity distribution of the three slices, the northern region clearly shows a higher location and a lower velocity dispersion than the other regions, while a very high velocity dispersion is observed within the central ridge. These results confirm the trends that emerged in the velocity profiles in Fig. 9. 
Kinematical indicators of sub-clustering
Our previous analysis has clearly shown the presence of sub-clustering in the projected density distribution and the departure from gaussianity of the velocity distribution, indicating that the system has not yet reached equilibrium. As a second step, we have performed a more systematic search of sub-structures by addressing directly correlated deviations in position and velocity distributions. We have applied several classical methods that quantify the amount of substructures in galaxy clusters using positions and velocities.
In Table 6 we list the actual values for ∆ (Dressler & Shectman, 1988) , ǫ (Bird, 1994) , and α (West & Bothun, 1990) parameters and the significance of the corresponding tests, obtained through the bootstrap technique and by normalizing with 1000 Monte Carlo simulations.
Assuming that these tests reject the null hypothesis if the significance level is less than 10%, only the ∆ test finds evidences of subclustering at a high confidence level. This result is further investigated by using the kinematical estimators introduced by Girardi et al. (1997) , which take into account separately the departures of the local mean (δ V ) and dispersion (δ S ) from the global measurements for the whole cluster. Low values of local velocity dispersion will give high values of δ S , while δ V will be high in case of strong departures (i.e. more than one σ) of the local mean velocity with respect to the global mean. In Fig. 12 , each galaxy is represented by a circle whose diameter is proportional to e ∆ (top panel), e δV (middle panel) and e δS (bottom panel). The top panel shows several areas with many large circles, which indicate correlated spatial and kinematic variations. In the middle panel, very large circles are present in the South-East region of the cluster, corresponding to the group of background galaxies detected in previous sections. One can also note several large circles in the ridge region, corresponding to the presence of the previously detected low velocity group. Moreover, in the bottom panel, we detect three clumps in which the velocity dispersion is effectively low; one is in the South-East Fig. 11 . Velocity distributions of the three slices of Fig. 10 ; the contribution due to different morphological types has been shown using different colors (early: red, late: blue, undetermined color objects: black shading). A binning of 1000 km/s has been used. Velocity location and scale found with ROSTAT are also shown. region and corresponds to the structure identified as g3 in our iso-density maps, while the second is centered on the BCG complex. The third clump consists of a group of four galaxies in the g4 region; it has such a low local velocity dispersion that the corresponding e δS values are larger than the box size of Fig. 12 . Therefore, we have represented these objects with circles of diameter equal to their δ S parameters, and we have indicated their projected positions with crosses. Their radial velocities are in the range [74200-74500] km/s, as can clearly be seen in Fig. 9 , where the four galaxies are represented by yellow squares. We also note that in the region of the "ridge" and in the extreme South-East region, the dimension of the circles is the smallest, indicating in these regions the highest values of the velocity dispersion are reached.
We have also applied the algorithm developed by Serna & Gerbal (1996) which identifies subclusters on the basis of dynamical arguments. It uses the hierarchical clustering algorithm to associate galaxies according to their relative binding energies. Fig. 13 shows the map in projected coordinates visualizing the groups resulting from the substructure analysis at the various levels. At the first level, the algorithm separates the data into the main cluster G1 of 120 objects (open circles + stars) with v mean = 73835 km/s and σ = 1204 km/s, and a high velocity set of 5 objects G2 (large filled points) in the southern region, with v mean = 78418 km/s and σ = 500 km/s, previously identified as KMM-C. The algorithm then splits again the main cluster G1 in two components of very different mass ratios: the main one G11 (93 objects, open circles) with a mean velocity similar to the value obtained for G1 , but now a velocity dispersion greatly reduced (σ = 940 km/s), and a low mass group G12 of five objects at higher velocity (75730 km/s) plotted as stars in the southern region. These objects were already detected in the analysis of slice 1, as a possible higher velocity population of the southern region. At the last level of structure identification, the algorithm finds out two significant groups: the first one at North (G111), corresponding to the region surrounding the BCG galaxy (squares), at a slightly higher mean velocity than the mean component (74290 km/s) and presenting a low value of the velocity dispersion (442 km/s), and a compact group southern of the ridge (circles), corresponding to g3 in previous Sects. The energy levels of the various groups are also provided (not displayed): the deepest energy levels at the bottom of the energy well corresponds to the BCG complex. The lower level is occupied by the BCG itself associated to blob A, joining with the three other blobs C, D and E (see Table 5 ) at a slightly higher level. Associating to the BCG complex various galaxy pairs at low energy levels results into a bound central group around the BCG galaxy. It is interesting to note that the BCG group and g3 are detected both by the dynamical estimator of Girardi et al. 1997 , and by the h tree algorithm.
Dynamics of the groups
As seen before, several groups are revealed from the substructure analysis. We have then performed the gravitational bound check as in the two-body problem (Beers, Geller and Huchra 1982) :
where V r is the relative line-of-sight velocity of the two considered clumps, R p is the projected separation of the clump centers, α is the projected angle measured from the sky plane, and M is the total mass of the system. In a first step, we have applied it to the groups G1 and G2 previously defined by the h-tree method. The result is displayed in Fig. 14, which shows that the system is unbound for nearly all values of the projection angle α. We have then eliminated the group G2 from the analysis as a background system of galaxies, and tested if the group G111 (corresponding to the system surrounding the BCG) and the group G112 (corresponding to g3) are bound to the remaining cluster. We considered each time a twobody problem, with one system being the tested group, and the other the remaining cluster. It results that the groups G111 and G112 are bound to the cluster for nearly all values of the projection angle α (4 to 90 degrees).
Variation of dynamical properties with color and luminosity
In this Sect. we use the color information to define early and late type galaxy subsamples, using the result that the bulk of early-type galaxies in all rich clusters usually lie along a linear color-magnitude relation. This so called "red sequence" has been interpreted as a clear indication that all rich clusters contain a core population of passively, evolving elliptical galaxies, coeval and formed at high redshift (Ellis et al. 1997 , Kodama et al. 1999 , Gladders et al. 1998 ). In Fig. 15 the (B-I) versus I colormagnitude diagram (CMD) is shown for the objects in a field of 15×15 arcmin 2 (∼3.25×3.25 h 75 −2 Mpc 2 ) centered on the optical barycentre of the cluster. Fig. 13 . Substructure analysis by the h-tree method: the map in projected coordinates is shown, with different symbols corresponding to the different groups identified.
G1 G11
Due to the fact that we have no magnitude information for 12 of the 125 objects of A521, our velocity/magnitude catalogue is made up of 113 galaxies.
The red sequence of the cluster has been characterized (slope, intercept and width) by considering galaxies in a smaller field (6.8×6.8 arcmin 2 , ∼1.5×1.5 h 75 −2 Mpc 2 ) in order to reduce the higher contamination in periphery by field objects. We have used an algorithm of linear regression plus an iterated 3σ clip, following and refining the method of Gladders et al. (1998) (detailed in Ferrari et al. in prep. ). The red sequence can then be described by the linear equation (B − I) AB = −0.033I AB + 3.273 with a width of 0.183 (see Fig. 15 ). Galaxies with measured redshift that lie within the identified red sequence and the three reddest objects of the cluster in the color-magnitude diagram have been classified as early type objects, while the galaxies with bluer colors on this diagram have been assumed to correspond to later types.
We have analyzed the galaxy velocity distribution of our sample as a function of this approximate early/late classification; histograms of velocity and distribution in projected coordinates of these objects are displayed in Fig. 16 . Velocity locations and scales of the two subsamples calculated using the biweight technique are shown in Table 4 . We find significantly different velocity dispersions for the two samples, with an extremely high value for the late type sub-sample, while quite close to the value of the main cluster component (KMM-B) for the early type one.
A trend in location is also detected, with the late type objects located at a lower velocity as compared to the early type sample. A Kolmogorov-Smirnov test rejects the hypothesis that the two velocity datasets are drawn from the same parent population with a significance level of ∼5.5% (see table 9 ). The distribution in projected coordinates is also very different for the two samples (Fig. 16, right  panels) . Most of the early type galaxies are aligned with the S2 axis and populate the region of the BCG and the groups, with some sparse objects in the outskirts, whereas the galaxies of the late type sample are mainly located along the S1 filament and in the external regions of the cluster, with very few objects in the South. This is confirmed by the velocity histograms plotted in Fig. 11 for each slice of Fig. 10 , where the counts in velocity bins are encoded with a different color for each morphological type (blue for late, red for early). The region of the ridge (slice Boundary between the bound and unbound orbits for the main cluster G1 and the high velocity system G2. The domain left of the curve corresponds to bound orbits, while the right part to unbound ones. The vertical line corresponds to the velocity difference between the mean location of the two groups. The corresponding 68% confidence region is shown with the cross-hatching. Fig. 15 . The color-magnitude diagram (B-I) vs. I for all the galaxies in a 15×15 arcmin 2 area containing the core of the cluster. The objects represented with a circle have spectroscopic redshift and belong to the cluster. The solid straight line is the linear best-fit found for the red sequence of the elliptical galaxies of the cluster, while the dashed line represents the "boundary" between early and late type objects on the CMD. 2) is the richest in late type objects (∼ 50% versus ∼ 28% for slices 1 and 3), in particular in the low velocity tail. We have then investigated if this strong morphological segregation could be related at least partially to a luminosity segregation. Using the previous classification, we have converted apparent magnitudes to absolute ones, assuming k and e-corrections for E and Sa models given by Poggianti (1997) . We have then divided the catalogue in three subsamples in absolute magnitudes, corresponding to I AB ≤I AB * , I AB * < I AB < I AB * + 2, I AB ≥I AB * + 2 (with I AB * = −22.7, derived using the i ′ * value in Goto et al. 2002 and following the indication of Fukugita et al. 1995 for transforming i' in I AB ), in order to test if the spatial and velocity distribution differs for various luminosity classes within the cluster. In table 4 we report the results for each sub-sample.
In Fig. 17 , we display the projected distributions and the velocity histograms for the three tested subsamples. As a first evidence, the velocity dispersion increases drastically from brightest to faintest objects, with more than a factor two between the value obtained for the I AB ≤I AB * sample towards the I AB ≥I AB * + 2 one. There is also some indication of shift in location, as the brightest sub-sample is characterized by a mean velocity ∼700 km/s higher than the fainter ones.
The brightest galaxies lie only on the main axis of the cluster (S2), while the faintest ones are preferentially located along S1 with some galaxies in the outskirts. We have then tested for correlations between the pseudospectral type and luminosity class distributions. The late type subsample and the faint one have extremely similar distributions both in velocity and in projected positions; in both cases, a K-S test indicates that they are drawn from the same distribution function with high significance levels (more than 99% and 94%, Table 9 ). On the other side, both the velocity and the projected position distributions of the early type and of the intermediately luminous objects are drawn from the same parent population with a significance level of more than 97%, while the early type and the brightest galaxies have significance levels higher than 80%. We have also analyzed separately the population of emission lines (15 objects) versus non emission lines galax- ies (110 objects) (Fig. 18) . When excluding emission lines galaxies, the location remains comparable but the velocity dispersion is notably smaller than that of the whole sample (Table 4) . As shown by the histogram in Fig. 18 , the velocity distribution of emission lines galaxies consists of a major concentration at low velocity (around 70000 km/s) and several isolated objects spanning the whole range of the cluster. Considering these objects together with the non-emission lines objects results in strongly enhancing the global velocity dispersion.
Discussion and Conclusions
The velocity distribution of Abell 521 is definitively very complex. The large value of the velocity dispersion (∼ 1325 km/s) of our whole spectroscopical sample of 125 galaxies clearly results from the mixture of several components. The main features of the velocity distribution are summarized hereafter: i) a high velocity tail in the velocity distribution is revealed by a KMM partition. From the analysis of the projected positions and of the velocity/radius diagram, these objects are found to lie in the South-East region at about 870 h 75 −1 kpc from the X-ray main center of the cluster, and to have velocities higher than 1500 km/s as compared to the other objects at the same radius. The two-body criteria shows that the probability that this system is not bound to the main component of the cluster is quite high. These objects are probably field galaxies or a loose background group. When excluding these galaxies, the mean location remains unchanged (∼ 74000 km/s), but the scale reduces slightly (∼ 1200 km/s).
ii) The velocity distribution in the high density central ridge shows a velocity location systematically lower than for the whole cluster, and a very high velocity dispersion (1780 +234 −142 km/s). Moreover the ratio of late/early type objects are higher than in the other slices (0.95 versus 0.46 in slice 1, and 0.48 in slice 3). This region is also particularly rich in emission-line galaxies, as it contains one third of the emission line objects detected in the whole sample. The late type, emission-line objects coincide with the low velocity tail of the distribution (v<72000 km/s, Figs. 11 and 18). Therefore, we are witnessing a very unusual configuration in the core of the cluster: a filamentary structure of ∼ 1 h 75 −1 Mpc, with galaxies showing a very broad velocity dispersion with an excess of low velocity objects, colors typically bluer than the mean, and the presence of several emission line galaxies.
iii) Various groups lie along the main NW/SE axis of the cluster. First, the region including the complex around the BCG (∼ 240 h 75 −1 kpc) appears as a strongly bound system with a very low velocity dispersion (∼ 250 km/s) typical of a group and a location higher than the whole cluster(∼ 74340 km/s). Other groups with comparable values of location are observed: g4 at the NE extent and the southern group g3. The other groups are less wellsampled, so the following results have to be taken with caution. The northern group g6 shows a slightly lower location, while at South, g1 seems to belong to a higher velocity complex, and g2 result of superposition effects.
From these results, we can refine the scenario of formation of the cluster. The northern region is characterized by a lower velocity dispersion and a slightly higher location; it hosts a group dynamically bound to the BCG; it is clearly associated to the compact group in X-ray, which is probably falling on the main cluster . The small difference in the mean velocity of the northern region as compared to the whole cluster (∼ 250 km/s in the rest-frame of the cluster) suggests that the merging occurs partly in the plane of the sky, along the North-West/South East direction S2. This direction emerges as the main axis of the ongoing merging event. Most of the detected clumps are aligned along this direction. Moreover, the early type objects as well as the brightest ones (L> L * ) follow the general NW/SE skeleton of the cluster.
However, our scenario has also to reproduce the peculiar features that appear in the central region of the cluster, in particular its high velocity dispersion, its lower location, and its filamentary NE/SW structure. The high velocity dispersion is mostly due to the presence of the low velocity component detected by both the KMM partition and the velocity profiles. It could consist of a foreground group currently interacting with the main cluster. It is separated in radial velocity space by ∼ 3000 km/s from the main cluster component. This high velocity bulk flow could result from a recent merger with a significant component along the line of sight direction. Such highspeed encounters can be detected in merging clusters, as shown for instance in the case of Cl0024+1654 (Czoske et al. 2002) . The high density ridge S1 would then be the projection of the merging axis along the plane of the sky. The large fraction of late type and star-forming objects along S1, coincident with the objects of the low velocity partition KMM-A, corroborates this hypothesis. In fact, a strong compression of the gas perpendicularly to the axis of the merger between the two components is expected during the merging event, which could trigger star formation in this region (Caldwell et al. 1993 , Caldwell & Rose 1997 , Bekki 1999 . Moreover, the brightest galaxy in the eastern side of the ridge shows the same orientation as S1, and a velocity of ∼ 72000 km/s. This object could in fact be the original brightest galaxy of the group which has collided the main cluster.
These results imply that Abell 521 is the outcome of multiple merger processes at various stages. A denser sampling in velocity of the various groups, combined with a wider angular coverage are planned in order to understand the large-scale dynamics of this particular cluster. 
